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Non-local high cycle fatigue strength criterion for metallic materials with corrosion defects A B S T R A C T This paper proposes a volumetric high cycle fatigue (HCF) strength criterion able to quantify the influence of natural corrosion pits on the fatigue limit of a martensitic stainless steel with high mechanical strength. Elastic-plastic numerical simulations were performed for real pits geometry, identified by X-ray microtomography, to determine the local stress distribution. The analysis revealed that calculation of the fatigue strength for material with real (irregular) pit geometry required a non-local HCF strength criterion. Such model was proposed based on the Crossland equivalent stress averaged within a volume limited by a critical distance. This criterion was validated with HCF tests on specimens with natural corrosion defects of different sizes.
Keywords martensitic stainless steel; natural corrosion pit; non-local HCF strength criterion; X-ray microtomography.
N O M E N C L A T U R E
a th = dimension of non-damaging crack-like defect f = loading frequency d c = critical distance of averaging stress A = fracture elongation A s = aqueous solution with 0.1 M NaCl and 0.044 M Na 2 SO 4 D = diameter of the idealized spherical geometry of corrosion defect E = Young modulus E imp = imposed electrochemical potential HCF = high cycle fatigue HV = Vickers hardness I max = maximum of the current density achieved during pitting J 2,a = amplitude of the second invariant of the deviatoric stress tensor K t = theoretical stress concentration factor N f = number of cycles to failure R = loading ratio R a = arithmetic surface roughness SCE = saturated calomel electrode UTS = ultimate tensile strength under quasi-static monotonic tension V a = material volume of averaging stress Z def = material volume affected by the defect α, β = Crossland parameters σ 0.2 = conventional yield strength with 0.2% plastic deformation σ a = stress amplitude σ a,nom = nominal stress amplitude σ eq = equivalent stress of non-local criterion based on Crossland one σ Cr = equivalent stress of Crossland criterion σ H,max = maximum value, during a load cycle, of the hydrostatic stress σ D = median fatigue limit under tensile loading at 10 7 cycles Φ max = diameter of the largest pit identified at the surface of the specimen ffiffiffiffiffiffiffiffi ffi area p = square root area of the defect projected onto a plane perpendicular to maximum principal stress
I N T R O D U C T I O N
Designing structures against corrosion and fatigue has become a key problem for many metallic structures evolving in complex environmental conditions of humidity (aeronautics, civil engineering, etc.). The combined effect of cyclic loading (fatigue) and corrosion reduce the fatigue strength. 1 Therefore, numerous publications [2] [3] [4] [5] [6] found that localized pre-corrosion defects increase the risk of fatigue crack initiation because of local stress concentration around defects. The effect of corrosion on high cycle fatigue (HCF) strength is strongly dependent on both the size and population of the defects. 5 Most of the theories about the HCF strength of metallic materials with geometrical defects deal with the definition of size sensitive fatigue criteria. Several fatigue strength criteria have been developed to account for the effect of a geometrical defect on the HCF strength. [7] [8] [9] [10] [11] [12] These methods are often applied in the case of idealized geometries of defects (hemispheres ellipsoids, etc.) to evaluate the effect of geometrical defect due to castings process (shrinkage cavity, porosity). Two types of approaches exist:
• empirical approaches 8, 9 • non-local approaches [11] [12] [13] [14] [15] [16] [17] [18] [19] Empirical approaches are based on the relationship between the fatigue limit and the defect size. In these approaches, the defect is considered as a crack (crack-like defect) with the existence of a non-damaging size (or threshold) of the defect (a th ). The empirical Murakami's relationship 8 gives a good estimation of the fatigue limit in case of uniaxial loading. This criterion was validated for a wide variety of materials (especially steels and cast irons).
Non-local approaches are based on the stress gradient/distribution around defects. The stress gradient criterion of Nadot et al. 13, 19 takes into account the gradient of the Crossland equivalent stress. This gradient is computed along one direction of the component (where the gradient is maximum) and over a distance limited by the defect size ffiffiffiffiffiffiffiffi ffi area p ð Þ. Such methods are difficult to use on real defects with irregular geometries or on complex component geometry because stress gradient computation with these approaches require to define a direction for the stress gradient evaluation. Non-local HCF criterion with a volume averaging method is a second way to consider stress strain distributions especially in 3D. They predict the fatigue limit by assuming that the apparent reduction in fatigue strength for small defects is due to the fact that the damage processes occur over only a small material volume. This volume can be defined using a threshold stress, 15 an energy threshold, 11, 12, 18 or a critical distance threshold. 16, 20 Taylor et al. 16, 20 suggest that failure occurs if the average stress exceeds the endurance limit over some critical volume surrounding the 'hot-spot'. To simplify calculations, these methods were reduced to stress calculation at a single point, or averaged over a critical distance or area (2D or 3D). These approximations are referred by Taylor 16 as point, line, area and volume methods.
The purpose of this study is to propose a volumetric non-local HCF strength criterion able to account for real geometries and distributions of corrosion defects. These are considered as geometrical defects. Generally, the deterioration of the actual surface of a corrosion pit, for example, through hydrogen embrittlement could be taken into account. This effect was neglected in our work, because the duration of the pitting process is typically less than 2 min, which is much smaller than the characteristic time for natural hydrogen diffusion in metals. 21 Consequently, its influence on the fatigue limit should be small. 22 
M A T E R I A L A N D E X P E R I M E N T A L P R O C E D U R E

Material
The material used in this work was a high-strength rolled martensitic stainless steel (X12CrNiMoV12-3) developed for aeronautic applications. Its chemical composition and mechanical properties under quasi-static monotonic tension are given in Tables 1 and 2 . The microstructure of this steel is completely martensitic, as shown in Fig. 1 (residual austenite content is less than 1% in volume). Austenitic grains have an equiaxed structure and the grain size is approximately 100 μm (class 5, according to the ASTM E112-13 standard). The electrochemical reactivity of the material was identified by a linear scan voltammetry without any mechanical loading (no cyclic neither static stress applied), in an aqueous solution (A s ) with 0.1 M NaCl and 0.044 M Na 2 SO 4 . Note that the free potential of the X12CrNiMoV12-3 steel without any mechanical load is approximately +0.1 V/SCE. The potential was applied from À1 V/SCE up to +0.6 V/SCE at a scanning rate of 0.01 V/s. The cathodic potential corresponding to the water reduction was chosen to reduce the passive oxide layer. Thus, an activation corrosion peak was observed around À0.4 V/SCE because of iron oxidation involved as a result of the passive layer dissolution. A well defined corrosion potential E corr was measured at À0.44 V/SCE. When the potential was shifted to more anodic values, the current decreased until becoming slightly positive. This potential range corresponds to the passivation domain, extending from À0.25 to +0.3 V/SCE. The pitting domain corresponds to potential values greater than +0.3 V/SCE. In this region, the imposed electrochemical potential provokes the local dissolution of the passive film inducing local corrosion defects called pits.
Experimental procedure
Fatigue tests were carried out in air on smooth specimens, virgin specimens and pre-corroded ones. The pre-corrosion was performed in a corrosive aqueous solution A s , using cylindrical specimens with 8 mm diameter. The arithmetic roughness (R a ) of the area of interest was less than or equal to 0.1 μm for all the specimens. Corrosion pits were obtained in the centre of 10 mm long gauge section. The rest of the fatigue specimen was protected with anticorrosion varnish. This process restricted the creation of defect in the area of interest. Corrosion pitting was carried out at an imposed electrochemical potential of 0.35 V/SCE or at 0.4 V/SCE according to the desired maximum pits size. To simplify the calculation of the pit size, we consider an idealized hemispherical geometry. This approximation is supported by optical observations and X-ray microtomography analysis with a voxel size of 1.4 × 1.4 × 1.4 μm. Figure 2 shows that the profile of the defect area projected onto a plane perpendicular to the applied nominal normal stress is similar to a hemispherical defect. However, the effect of the real geometry is investigated in the following.
Considering the fact that the fatigue limit is affected by the largest pit size, the classification of pre-corroded specimens was realized according to the maximum diameter, of the observed defect, at the surface. The characteristic pits size was defined by the geometric parameter ( ffiffiffiffiffiffiffiffi ffi area p ) proposed by Murakami. This parameter was calculated using the maximum apparent diameter (Φ max ) of the defect at the surface of the specimen observed by optical microscopy (Eq. (1)). 
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The stop criterion of the pre-corrosion process was the maximum current density achieved during pitting (I max ). Table 3 summarizes pitting tests on fatigue specimens. Four sizes ( ffiffiffiffiffiffiffiffi ffi area p ) of pits (equal to 17, 33, 64 and 188 μm) were considered to determine the Kitagawa diagram at 10 7 cycles. To determine the experimental fatigue limit, HCF tests were carried out under axial loading and load control at 120 Hz with a resonant electromagnetic fatigue testing machine (Vibrophore type). This frequency was chosen so that failure at 10 7 cycles could be reached in a reasonable time. The stop criterion was a loading frequency drop of 0.7 Hz, corresponding to a technical fatigue crack with a typical surface length of 5 mm and a depth of 2 mm. After the fatigue tests, specimens were broken in monotonic tension after putting them in liquid nitrogen. Finally, the fracture surfaces of all the specimens were observed with optical and scanning electron microscope (SEM) to investigate the crack initiation mechanisms.
R E S U L T S
Fatigue tests results
The fatigue strength at 10 7 cycles under fully reserved tension was determined in air on virgin and pre-corroded specimens with four controlled defect sizes. For the fatigue tests in air on virgin specimens, fatigue crack initiation sites are located on the specimen surface. No clear evidence of defects (pores, inclusions, etc.) was found at the crack initiation location. The SEM observations show that the fatigue cracks initiate at the surface around the largest corrosion defects in pre-corroded specimens.
An experimental Kitagawa diagram 9 representative of real corrosion pits (no micro-machining) was obtained (Fig. 3) . This diagram is normalized by the ultimate tensile strength (UTS) for confidential reason. A minimum of five specimens by defect size was tested to identify the experimental fatigue limit at 10 7 cycles of the X13CrNiMoV12-3 stainless steel, using the short staircase method. The dimension of non-damaging defects is around 7 μm. The empirical Murakami fatigue criterion provides a conservative estimation of the experimental fatigue limit, but is difficult to apply when the local stress state is multiaxial.
Geometric parameters of corrosion defects
Corrosion defects have complex geometries and distributions. The fatigue strength of the corroded material can be affected by the interference phenomenon between neighbouring defects (Fig. 4) . Therefore, it is necessary to consider this neighbouring effect on local stress-strain levels. Corrosion pits obtained in this study have approximately a hemispherical geometry and sometimes a crevice corrosion morphology. This one presents an apparent diameter at the specimen surface lower than the one measured below the surface. This geometry can modify the local stress distribution around the defect. To understand this effect, we propose to consider two geometrical parameters (Fig. 4 ):
• The distance h between the surface and the centre of the sphere to study the effect of crevice morphology of the corrosion pit on the local stress distribution;
• The distance d between two neighbouring defects to determine the threshold distance of interference between two defects (i.e. the distance below which the stress field around a defect is modified by another defect).
F I N I T E E L E M E N T M O D E L L I N G
In order to reproduce numerically the local stress-strain fields, in a reasonable computation time, a simplified geometry of the pre-corroded specimen is modelled. The simplification consists in explicitly modelling only the notch zone around the largest pit. The size of the representative volume is five times larger than the diameter of the pit to avoid any boundary effect. The finite element mesh of the modelled zone is obtained using tetrahedral finite elements, with quadratic interpolation (Fig. 5) .
The finite element calculations were carried out using an elastic-plastic model, with nonlinear kinematic and isotropic hardening. The parameters of the constitutive model were optimized using the experimental stabilized cyclic behaviour of the material. The numerical simulations were carried out with the ZeBuLoN FE software developed by Mines ParisTech, NorthWest Numerics and ONERA. 
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The purpose of this section is to present the volumetric approach based on the Crossland criterion proposed to describe the influence of defects.
Volumetric approach based on the Crossland criterion
The local Crossland criterion consists in a linear combination (Eq. (3)) of the amplitude of the second invariant of the deviatoric stress tensor (Eq. (4)) and the maximum value of the first invariant of the stress tensor over a cycle (hydrostatic stress) (Eq. (5)).
The proposed criterion is based on the Crossland equivalent stress (σ Cr ) averaged in the influence zone of the defect (Z def ), within a material volume (V a ) limited by a critical distance (d c ) (Fig. 6) .
At a surface defect, Z def is the hemisphere centred on the defect with radius D equal to the defect diameter.
At a point M in Z def , V a is the sphere centred in M with radius d c .
This criterion will be represented in the (hτ oct,a i, hσ H,max i) diagram, called the non-local Crossland diagram. A Crossland danger coefficient C d can be calculated, being proportional to the distance between the representative point in this diagram and the material threshold line which defines the fatigue limit. This danger coefficient (equation (9)) can be used to estimate the risk of crack initiation before 10 7 cycles:
• no crack initiation for
Criterion identification and validation for idealized hemispherical geometry α and β parameters of the Crossland criterion were identified by using the fatigue tests in air on smooth specimens in tension, on the base material without any corrosion defect, for two loading ratios (R = À 1 and R = 0.1).
The critical distance d c was optimized at 7 μm using fatigue test results of only one size of defects ffiffiffiffiffiffiffiffi ffi area p ¼ 31μm ð Þ . No link could be found between the value of d c and the characteristic sizes of the material microstructure. Figure 7 shows two Crossland diagrams for different pit sizes calculated using (a) the conventional Crossland criterion and (b) the proposed volumetric approach based on Crossland criterion with d c = 7μm. Scatter graphs represent all the values of τ oct,a and σ H,max calculated at the Gauss points of the mesh. The volumetric approach gives a good estimate of the HCF limit for different pits sizes (error less than 5%) compared with experimental results on pre-corroded specimens.
However, this approach was validated only in tension at a loading ratio equal to À 1. The main difficulty in applying this volumetric HCF strength criterion is the obliged passage by a finite element analysis to identify the critical distance d c . However, this criterion has the advantage to provide the capability to evaluate the fatigue strength of an industrial component with real geometry and complex configurations of defects. Indeed, no spatial direction has to be looked for to compute the stress gradient.
Effect of crevice morphology and the interference between nearby defects Figure 8 shows two Crossland diagrams calculated using different configurations of pits: (a) crevice morphology and (b) neighbouring defects. These results showed a significant effect of the defect morphology (h parameter) on the median HCF limit at 10 7 cycles. The crevice morphology (h > 0) is the most critical in terms of fatigue crack initiation. The critical point for crack initiation according to this criterion is on the surface at the edge of defect for h values larger than zero. This region corresponds to the highest value of the theoretical stress concentration factor K t .
The study of the effect of the distance d between two identical defects located in the plane perpendicular to the loading direction shows that for a distance equal to three times the diameter of the defect, there is a higher risk of cracking than that observed with a single defect with the same size (Fig. 8) . When the distance between the centres of two identical defects is greater than three times their diameter (D), there is no interference between defects.
Validation for real pit geometry X-ray microtomography analyses were carried out to determine the real geometry of some pits, with a voxel size of 1.4 × 1.4 × 1.4 μm, on a specimen with the largest defect size used in this study ffiffiffiffiffiffiffiffi ffi area p ¼ 188μm ð Þ . This size was chosen to obtain an acceptable scan of the real geometry. This geometry has been processed by a software of computer-aided design to obtain a volume element containing a corrosion defect. The finite element mesh of the modelled zone was obtained using tetrahedral finite elements, with quadratic interpolation. Finally, elastic-plastic numerical simulations were performed with this real defect geometry, using the ZeBuLoN software, to determine the local stress distribution. The analysis revealed that calculation of the fatigue strength for Crossland diagrams for different pits sizes, using a hemispherical geometry (h = 0), loaded in tension (R = À1) at the experimental median fatigue limit at 10 7 cycles. Fig. 9 Distribution around a real pit of the ratio (σ mises /σ H )) calculated at the maximum of the load cycle. This real pit geometry has been obtained by X-Ray microtomography.
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material with real (irregular) pit geometry requires a nonlocal HCF strength criterion. The local distribution of stresses revealed a local multiaxial stress state, illustrated in Fig. 9 , by plotting the ratio between the Von Mises equivalent stress and the hydrostatic stress. This ratio equals to 3 under uniaxial stress state and tends to infinite (+∞) for pure shear (deviatoric). The median fatigue limit at 10 7 cycles for the same defect size was experimentally determined using the short staircase method. The volumetric approach of the Crossland criterion using the critical distance (d c = 7μm), as identified previously, gives a good estimation of the fatigue limit (error less than 7%). Figure 10 illustrates the difference between the conventional Crossland diagram and the volumetric approach based on the Crossland criterion that is proposed in this study. The later allowing a good estimation of the HCF strength and the defect sensivity of the material.
C O N C L U S I O N S
A volumetric HCF strength criterion has been proposed in this paper to describe the influence of irregular geometries of real defects. This criterion is based on the Crossland equivalent stress that is averaged within a sphere of radius equal to a critical distance d c . This proposal was validated with natural corrosion defects on X13CrNiMoV12-3 martensitic stainless steel tested under uniaxial fully reversed fatigue loading. Other material testing and multiaxial fatigue loading should be studied to confirm the prediction capabilities of the criterion.
